INTRODUCTION
Phenotypic plasticity is the degree to which the phenotype of an organism is modified by the environment (Bradshaw, 1965; Gause, 1947) . Because plasticity often occurs as i predictable response to environmental variation, it is thought to be one way by which adaptation to environmental heterogeneity can be accomplished (Thoday, 1953; Baker, 1965; Bradshaw, 1965; Jam, 1979) . Since an alternative means of adaptation to heterogeneous environments would be the production of genetically variable, but phenotypically inflexible, offspring, it has been suggested that phenotypic plasticity and genetic variability should be inversely related (Thoday, 1953; Levins, 1963; Marshall and Jam, 1968; Jam, 1978 Jam, , 1979 , but support for this hypothesis has been equivocal (Wilken, 1977; Gottlieb, 1977; Schlicting and Levin, 1984; Schemer and Goodnight, 1984) . Here, we present the results of experiments investigating the genetic and environmental basis and adaptive significance of phenotypic variation in the darkness of brown pupae of the swallowtail butterfly Papilio polyxenes.
Phenotypic plasticity in pupal colour in Papilio polyxenes In P. polyxenes and many other species of swallowtail butterflies, pupal colour is a phenotypically plastic trait. In these species, pupae are usually either green or brown, with pupal colour to a large extent dependent on environmental cues associated with the colour of the pupation site. As a result, pupae are cryptic on their natural pupation sites (Clarke and Sheppard, 1972; Wiklund, 1972 Wiklund, , 1975 West et a!., 1972; Smith, 1978; Hazel and West, 1979; Hazel, 1979, 1985; Sims, 1983) .
The experiments described here concern variation in the colour of Papilio polyxenes brown pupae. When P. polyxenes larvae are reared on autumnal photoperiods (e.g., 12L: 12D), nearly all pupae produced are brown and enter diapause (West eta!., 1972; Hazel and West, 1983) . West eta!. (1972) observed that these pupae vary considerably in darkness and have suggested that this variation may be correlated with the darkness of their pupation sites allowing for the production of highly cryptic pupae in nature. This might be especially important during the overwintering generation, when brown pupae are exposed to predators for 8 to 9 months.
In this report we describe experiments which
show that the darkness of brown P. polyxenes pupae is correlated with the darkness of their pupation sites. We also show, using full sib analysis of variance, that there is a significant genetic component to variation in darkness. In addition, we report the results of field experiments indicating that cryptic brown pupae have a higher probability of escaping detection by predators relative to noncryptic brown pupae.
MATERIALS AND METHODS

Rearing
Larvae were obtained from the eggs of wild P. polyxenes females and reared in the lab on short day photoperiods (12L: 12D or ilL: 13D) so as to enhance the production of brown pupae. Temperature was not strictly controlled and ranged from 24 to 28°C.
Details of the rearing procedure have been described elsewhere (Hazel, 1977) . In general, larvae were reared in round plastic rearing dishes and fed fresh food plant (Daucus carota) daily. Several early instar larvae from a single female parent were maintained in a single dish, but as they grew, the number of larvae per dish was reduced, so that by the time larvae reached the fifth instar each dish housed only a single larva.
Pupation conditions When swallowtail larvae enter the prepupal stage, they evacuate the contents of their guts as a conspicuous watery discharge. In nature, after gut evacuation larvae leave their food plant and several hours later settle on a pupation site. In our experiments, we hoped to determine whether the darkness of the pupation site had an influence on the darkness of brown pupae; so larvae were removed from rearing dishes immediately after gut evacuation and placed in either black or white construction paper cylinders (23 cm tall, 8 cm in diameter). Black cylinders were placed upright on black construction paper, while white cylinders were placed upright on white construction paper. Clear plastic dish tops were placed on top to prevent larvae from escaping. The pupation chambers were illuminated continuously from above by fluorescent lights.
Darkness determination
The darkness of pupae was determined by two methods. The first involved having five people rank pupae according to their relative darkness. Twenty six pupae, 15 formed in the white cylinders and 11 formed in the black cylinders, representing the offspring of four wild caught females, were ranked, with the lowest rank given to the darkest pupa.
The rankers did not know in which pupation cylinder an individual pupa was formed. (415, 445, 475, 505, 535, 565, 595, 625, 655 and 685 nm) . From these data, we calculated the brightness values (darkness) of the pupae and empty cases using the Bausch and Lomb Trichromatic Coefficient Computing . Since the reflectance attachment only allows for the measurement of an area of approximately 2 mm by 8 mm, we did not measure the brightness of entire pupal cases. Instead, we measured the brightness of the middle of the first dorsal abdominal segment of the living pupae and the ventral surface of the head capsules of the empty pupal cases. These areas were chosen because of the ease with which they could be positioned for measurement. Brightness values were calculated for a total of 142 individuals. Of these, 42 were calculated from the reflectances of living pupae (21 per pupation treatment) representing the offspring of three females, and 100 were calculated from the reflectances of empty pupal cases (50 per pupation treatment), representing the offspring of 10 females.
The brightness values for pupae and empty cases from the two pupation treatments were compared using a t-test.
Genetic analysis
Genetic variation in the darkness of pupae was estimated by full sib analysis of variance. Two analyses were performed on the brightness values of the 100 pupal cases obtained from the pupae formed in the black and white pupation treatments described above (50 pupae/treatment). The 100 cases represented the offspring of 10 wild females distributed equally between the two pupation treatments (5 offspring/female parent/treatment). All 10 wild females were taken from a single wild population, and although they may have mated with more than one male, because of sperm precedence in this species (Clarke and Sheppard, 1962) , all offspring were full sibs. Thus, the two ANOVAs partition the variance within the two treatments into among families and within families components.
Field experiments
To determine whether cryptic brown pupae were less likely to be detected and preyed upon, field experiments were conducted during the fall and winter months of 1982-83, 1983-84 and 1984-85. The experiments involved attaching cryptic and noncryptic brown pupae to trees and fence posts and monitoring their survival throughout the winter. Pupae were attached approximately 30 cm above the ground using either contact cement or clear silicon sealant (1984- 85). The height and positioning of the pupae closely mimicked those of P. polyxenes pupae on natural pupation sites . Whether a given pupation site had a cryptic or noncryptic, or light or dark noncryptic pupa, was determined by the toss of a die; as was whether the pupa faced north, south, east or west. When this procedure called for the attachment of a cryptic pupa to a given pupation site, we attempted to match the darkness of the pupa to the darkness of its site. Likewise, when the attachment of noncryptic pupae was required, we used pupae that, in our judgment, failed to match the darkness of their pupation sites.
For the 1982-83 experiment (82A), pupae were attached to tree trunks at approximately 10 metre intervals along a linear transect that ran adjacent For all experiments the survival of the pupae was monitored throughout the winter, until they disappeared, were attacked and killed, or died.
The survival of the cryptic and noncryptic pupae over approximately the first 2 weeks in the field was compared by chi square analysis. Rates of elimination (daily probabilities of survival) of cryptic and noncryptic pupae over approximately the first 7 weeks in the field were compared using a constant mortality model (West and Hazel, 1982) .
Dead pupae were eliminated from the analyses and pupae that disappeared were assumed to have been preyed upon, and were therefore included. Table 1 shows the average darkness ranks of pupae formed in black and in white pupation cylinders. The five rankers were in almost complete agreement on their assessments of the relative darkness of the pupae (Coefficient of Concordance = 095), and pupae formed in the black cylinders were ranked as significantly darker than pupae formed in the white cylinders (Mann Whitney U=2825, p <0001). Consistent with these results were the reflectance analyses of living pupae and empty cases (table 2), with pupae formed in the white cylinders being significantly brighter (less dark) than those formed in black cylinders. Interestingly, the values of pupae formed in black cylinders were no different from those of empty cases of pupae formed in black cylinders, while the empty cases of pupae formed in white cylinders were less bright than living pupae formed in white cylinders. This difference is probably because pupae formed in the black cylinders and their empty cases were equally opaque, while the empty cases of pupae formed in the white cylinders, being less pigmented, were more translucent than living pupae formed in those cylinders.
RESULTS
The results of the analyses of variance of the brightness values of the empty cases of pupae formed in the black and white cylinders are given in table 3. For the empty cases of pupae formed in the black cylinders the results were significant, with approximately 50 per cent of the variation in brightness due to differences among families. The corresponding results for pupae formed in the white cylinders did not reveal a significant among family component. However, the variance in brightness values was greater for the empty cases of pupae formed in the white cylinders (F= 324, p <0.001).
Predation was so severe in the field experiments that no pupae survived to eclosion, and over 80 per cent of the pupae were eliminated in the first 7 weeks of the experiment. The association between crypsis and probability of survival was tested by comparing the survival of cryptic and noncryptic pupae over approximately their first 2 weeks in the field (table 4) and by comparing the rates of elimination of cryptic and noncryptic pupae over approximately the first 7 weeks in the field (table 5). After about 2 weeks in the field, cryptic pupae were out-surviving noncryptic pupae in five of the six experiments, and in one experiment (84C) this difference was significant (table  4) . Because the pupae in each experiment were not sampled on precisely the same day, it was not possible to pool the results, even though overall 60 per cent (172 out of 288) of the cryptic as opposed to 44 per cent (110 out of 249) of the noncryptic pupae were surviving. However, an overall association between survival and crypsis was tested by combining the six chi square values into a standardized normal deviate (Simpson, Roe and Lewontin, 1960, Ch. 13 ). This test shows a significant association between crypsis and sur-__________________________________________ vival (standardized normal deviate = 354, p < 0.001). Table 5 shows the results of regression analyses of survival for cryptic and noncryptic pupae over approximately the first 7 weeks in the field. The ____________________________________________ goodness of fit of the data to a constant mortality model was good for all regressions. For five of the six experiments cryptic pupae had higher daily probabilities of survival than noncryptic pupae, but this difference was significant only in experiment 84A.
The experiments reported here were designed to test three hypotheses. First, that the darkness of brown P. polyxenes pupae is a phenotypically plastic trait, environmentally cued by the darkness of the pupation site; second, that the adaptive significance of this plasticity is enhanced crypsis; and third, that adaptation to environmental heterogeneity by phenotypic plasticity is mutually ity of the third. The first hypothesis is supported by the results of three analyses of the darkness of brown pupae, each showing that brown pupae formed on black construction paper are significantly darker than those formed on white paper. These results support the suggestion of West eta!. (1972) that differences in the darkness of brown diapausing P. polyxenes pupae are a reflection of differences in the darkness of their pupation sites. In addition, our results show that plasticity in darkness is not limited to diapausing pupae, as the empty pupal cases of non-diapausing pupae also showed a significant association of pupal darkness with the darkness of the pupation site. The influence of pupation site darkness represents an addition to the list of environmental cues, such as larval photoperiod, pupation site colour and pupation site texture, which are already known to affect pupal colour in P. polyxenes (West et a!., 1972; Smith, 1978; Hazel and West, 1979, 1983; West and Hazel, 1985) .
The second hypothesis, that phenotypic plasticity in pupal darkness is adaptive because it allows for the production of cryptic pupae on variable brown pupation sites, predicts that cryptic pupae will have a higher probability of escaping predation than will noncryptic pupae. Overall, the results of our field experiments support this prediction. After approximately 7 weeks in the field, the rates of elimination of noncryptic pupae were greater than those of cryptic pupae in 5 out of the 6 experiments. This difference was significant in one experiment and approached formal significance in another. An analysis of survival over approximately the first 2 weeks gave similar results, with cryptic pupae having a higher survival in 5 out of 6 experiments. This difference was also significant in one experiment, and approached formal significance in another. Taken together, these results show a clear overall association between crypsis and survival.
Our estimates of genetic variation in the darkness of brown pupae were different for pupae formed in the black and white cylinders. In the black cylinders, there was a significant genetic component to variation in darkness, while for pupae formed in the white cylinders the genetic component was not significant. We recognise that for the purpose of estimating the genetic components of variation, full sib analysis is the least reliable because of the potential correlation in sibs due to maternal effects and common environment (Falconer, 1981) . Yet, these possible causes of resemblance do not explain why the among families components of variation are so different for pupae formed in the two treatments. One explanation for the difference is that it reflects a genotype-environment interaction (Falconer, 1952 (Falconer, , 1981 . However, we feel a more likely explanation is that much of the variation in the darkness of pupae formed in the white cylinders was environmental, being due to the presence of adjacent prepupal larvae. Prepupal P. polyxenes larvae are black with alternating green and yellow bands, and when several prepupal larvae are placed in the same pupation cylinder, they often follow each other's silk trails and end up pupating close together. In the black paper cylinders, prepupae were nearly as dark as the black paper, and therefore should not have influenced the darkness of the pupation environment as perceived by adjacent prepupae. However, in the white cylinders, the clumped distribution of dark prepupae could have been a source of environmental variation, causing differences among prepupae in their perception of the darkness of their surroundings. The larger total variance in darkness of pupae formed in the white cylinders is consistent with this explanation. It has been suggested that phenotypic plasticity and genetical variability are mutually exclusive means of adaptation to environmental heterogeneity (Thoday, 1953; Marshall and Jam, 1968; Jam, 1979) . In brown P. polyxenes pupae, variation in darkness is both genetic and environmental. But, it is important to note that genetic variation in darkness could only be detected when the pupation conditions were rigidly controlled, such as when pupation occurred in the black cylinders. When pupation conditions were only slightly variable, as when pupation occurred in white cylinders, environmental variation swamped genetic variation, making it scarcely detectable. Because in nature the darkness of pupation sites is likely to be highly variable, most phenotypic variation in the darkness of brown pupae will be environmental, the result of phenotypic plasticity, making any selection acting on differences in darkness weak at best. Similar arguments have been applied to pupal colour dimorphism. In this case, green and brown pupae are produced in response to cues associated with the colour of the pupation site, but individuals differ genetically in the ease with which they can form the alternative colours. On a given pupation site, differences in pupal colour are mostly genetic, but when pupation sites vary (as they do in nature), most differences in pupal colour are environmental (Hazel, 1977; Hazel and West, 1982; Sims, 1983 ).
Theoretical models (Via and Lande, 1985) suggest that phenotypic plasticity should be maintained at an optimum level by stabilizing selection. But since, in the absence of a cost, stabilizing selection results in a loss of genetic variation at equilibrium (Scharloo, 1964; Wright, 1969, Ch. 4) , any maintenance of genetic variation will be the result of a balance between mutation and selection (Via and Lande, 1985; Lande, 1976 Lande, , 1980 Turelli, 1984) . Phenotypically plastic traits, such as pupal colour, by their very nature should be expected to have low heritabilities under natural conditions. As a result, the efficacy of natural selection in eliminating genetic variation in such traits will be reduced, and a balance between mutation and selection might be more readily obtained.
Alternatively, if individuals with the optimum level of plasticity are largely heterozygous, then selection will actively maintain genetic variation (Via and Lande, 1985) . In neither case would one expect selection for phenotypic plasticity and the maintenance of genetic variability to be incompatible.
